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Abstract 


We present a new analysis of non-universal and flavor changing non-standard neutrino inter¬ 
actions (NSI) in i>e,e or ngC scattering. Our global analysis of these process includes all relevant 
experiments, such as the most recent MUNU measurement from reactor neutrinos, both in the 
context of the Standard Model as well as extensions where NSI are present. We also compare 
our constraints on non-universal and flavor changing NSI with results from previous analyses. We 
stress the importance of combining neutrino and anti-neutrino data in the resulting constraints on 
electroweak paramaters, and the important role that future low energy solar neutrino experiments 
can play in improving existing sensitivities. 
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I. INTRODUCTION 


Electron-neutrino and electron-anti-neutrino scattering off electrons have played an im¬ 
portant role in the searches for neutrino oscillations. First hinted by the data from solar and 
atmospheric neutrinos, oscillations have subsequently been conhrmed with reactor and ac- 
0]. Altogether, these experiments now give clear evidence that neutrinos 
and, therefore, expected to be endowed with non-standard interactions that 


celerator data 111 
are massive 


as BOREXINO 


B. 


may violate leptonic flavour and/or break weak universality B- Future experiments, such 


aim to use the same reaction for detecting lower energy solar neutrinos. 


The Standard Model cross section for this process has been known since the 70’s 


when the hrst measurements have been carried out 
calculated more recently in 


0 


0 , 


Radiative corrections have been 
and there have been recent experiments ^,Q|. Curre ntly 


there are many proposals to perform new experiments either at relatively hig h energies 


in order to test the NuTeV anomaly 


0 , 



li, 


19|, motivated 


as well as at low energies [R 

by the search for a possible non-zero transition neutrino magnetic moment 

As already mentioned, it has been long noticed that massive neutrinos are expected to 
have non-standard interactions that may arise either from the structure of the charged and 


neutral current weak interactions in seesaw-type models P|. Alternatively, they could arise 
from the exchange of scalar bosons, as present in radiative and/or supersymmetric models 
of neutrino mass The strength of the expected NSI depends strongly on the model. 

Here we adopt a model independent approach of simply analyzing their phenomenolo gica l 


23 




implications in neutrino electron scattering. For previous recent studies see Refs 

This possibility has been revived recently as it was noted that both sohir and atmospheric 
neutrino data are consistent with sizable values of the NSI parameters 


27 


For the 


case of neutrino interactions with the down-quark, it has been shown that the presence of 


NSI brings in an ambiguous determination of the solar neutrino oscil 
a new solution in the so-called “dark side” (with sin^ 9soi — 0.7 


ation parameters, with 
), degenerate with the 


conventional one, even after taking into account data from the KamLAND experiment. For 


Ei. 


the case of NSI the couplings are also allowed to be large 

In this work we concentrate in the detailed study of and PeC scattering in the 
presence of non-standard neutrino interactions, which can not be found in previous studies, 

e. g. Refs. 1^.1^. 
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We focus on short baseline terrestrial experiments such as the LSND scattering 
and a variety of hgC scattering experiments using reactor neutrinos, exploiting their com¬ 
plementarity. Our analysis is new in two ways. First we relax the conditions under which 
the constraints on weak couplings have been previously derived. Second, we update the 
study through the inclusion of more recent data, such as the recent data from the MUNU 
experiment j30|. Also for completeness, we include the results from the Rovno reactor 311. 
Moreover, the results from the Irvine [l0| experiment will be analyzed considering the two 
energy bins that were reported in the original article. 

This paper is organized as follows: in Sec. O we recall the basics of scattering in 
the context of the Standard Model, in Sec. nm we analyse the role of non-standard neutrino 
interactions and in Sec. nYi we discuss prospects for further improvements, stressing the 
role of future low energy experiments using solar neutrino, as well as experiments using 
radioactive neutrino sources. 


II. THE NEUTRINO ELECTRON SCATTERING 

As a warm-up exercise, before considering the case of non-standard neutrino interactions, 
let us briefly consider the restrictions placed by current experiments within the context of 
the Standard Model. 


A. Preliminaries 


In the Standard Model the z/gC differential cross section scattering involves both neutral 


and charged currents and is well known to be 


da 

dT 


2GF'me 

TT 


[dl + 


eJ 


— dLdR 


nif/T 


( 1 ) 


where Gp = 1.666 x 10“^ GeV rUg is the electron mass, T is the kinetic energy of the 
recoil electron and is the neutrino energy. 

One can see explicitly that the differential cross section in Eq. m has a symmetry under 
the simultaneous transformation gp —>■ —Ql and gp —> —gn- Apart from the last term, it is 
also invariant under separate sign changes in gL,R- For the case of scattering one has to 
exchange gp by gR. 
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For a fixed neutrino energy, the determination of the weak coupling constants Ql — Qr, 
is ambiguous since the same cross section in Eq. m is achieved for any Ql — Qr values in 
an ellipse with one axis given by 1 and the other one by (1 — However, measurements 
at different neutrino energies can potentially lift this degeneracy, due to the last term in 
Eq. (^. For example, for sufficiently low energies, comparable to the electron mass, the 
extra term rotates the ellipse by a sizable angle 

On the other hand, the anti-neutrino cross section dehnes another ellipse which is per¬ 
pendicular to the one corresponding to the neutrino case, since the axis width of this ellipse 
is exactly opposite {ql ^ Qr)- Therefore, by judicious combinations of energies and/or 
adding anti-neutrino data, one expects to lift the above degeneracy, as we will see in the 
next subsection. 

Within the Standard Model the coupling constants ql and gn are expressed, at tree level. 


as 


9l = sin^ Ow (3) 

gn = sin^6'w (4) 


where g^ = 1 + g^^, gf^ being the conventional SM dehnition. We have checked explicitly 
that for the present accuracy of the experiments, the above simple formulae are sufficient, 
as there is no sensitivity to the corresponding radiative corrections given in jl^ . 


B. Analysis 


In our global analysis of the UeC and z/gC scattering we have included all current exper¬ 
iments, name V, the data from the LSND measurement of the neutrino electron scattering 
cross section 1^; for the anti-neutrino electron scattering we have considered the two bins 


measured in the Irvine experiment the results of the Rovno experiment 311 and the 
more recent result from the MUNU experiment j^. The experimental results are summa¬ 
rized in Table d 

In order to perform the analysis we need the total cross section which, for the antineutrino 
case we express as 

da 


a = I dr I dT I dE,^\{E,)R{T,r) 


( 5 ) 


4 





Experiment 

Energy range (MeV) 

events 

measurement 

LSND 

10-50 

191 

a = [10.1 ± 1.5] X E^^{MeV) x lO'^^^cm^ 

Irvine — & 

1.5 - 3.0 

381 

a = [0.86 ± 0.25] x uy-A 

Irvine ~ e 

3.0 - 4.5 

77 

cr = [1.7 ± 0.44] X av-A 

Rovno Ve — ^ 

0.6 - 2.0 

41 

a = (1.26 ± 0.62) x 10“^^cm^/fission 

MUNU Ve-e 

0.7 - 2.0 

68 

1.07 ± 0.34 events day 


TABLE I: Current experimental data on (anti-)neutrino electron scattering. 


where both spectra and the detector energy resolntion fnnction, shonld be convolnted with 
the cross sections given in Eq. CD- 


Ill particnlar for the most recent MUNU measnrement from reactor nentrinos 
nse an anti-nentrino energy spectrnm given by 

4 


0 , 


we 




( 6 ) 


k=l 


where is the abnndance of U {k = 1), Pu {k = 2), Pu {k = 3) and U {k = 4) 
in the reactor, Xk{Ejj) is the corresponding nentrino energy spectrnm which we take from 


the parametrization given in 


32j | , with the appropriate fnel composition. For energies below 


2 MeV there are only theoretical calcnlations for the antinentrino spectrnm which we take 


from Ref. 


. 3 . 


For the case of the Irvine experiment we prefer to nse the nentrino energy 


spectrnm nsed by the experimentalists at that time Q 

Regarding the detector resolntion fnnction R{T, T') for the case of MUNU it was fonnd 
to be 8 % scaling with the power 0.7 of the energy [30|. For the other two anti-nentrino 
experiments inclnded in onr analysis the resolntion fnnction was not reported, so we neglect 
resolntion effects. 

For the LSND electron nentrino experiment we nse the theoretical expectation for the 
total nentrino electron cross section, which is 


, 2meGpEy r 2 I ^ 21 

a{uee) = - [gp + ::9 r]- 

TT O 


(7) 


Notice that in this case the term gpQR can be neglected, since this experiment was done at 
high energies of tens of MeV. As a resnlt there is no tilt in the ellipse, as discnssed in the 
previons section (see also Fig. [T)). 
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With this information we proceed to our analysis. Altogether, we will have five observ¬ 
ables, and therefore, it will be possible to constrain up to four parameters simultaneously. 
We neglect correlations between experiments; this is a good approximation as the only pos¬ 
sible correlation comes from the reactor neutrino energy spectrum, estimated to be less than 
2% j^, small in view of the statistical errors. Therefore we can define the simply as 

^theo _ 




[a- 


A? 


( 8 ) 


where the are given by the measurements shown in Tableland Aj are the corresponding 
errors, while is the theoretical expectation. 

C. The Standard Model parameters 


In this section we present the results of our £t first in terms of the and qr coupling 
constants and, later, we will obtain the value of the Standard Model weak mixing angle. 

To obtain the allowed regions for the ql and qr coupling constants we perform a 
analysis as discussed in the previous subsection. These two parameters are determined by 
hve measurements and therefore we will have three degrees of freedom. The minimun for 
this case was 0.52. 

The results are illustrated in Fig. m for 90 % C L (Ay^ = 4.61). In this case one can 
clearly notice the existence of four possible regions for these parameters. We overlay in 
the same hgure the corresponding equi-cross section regions for current neutrino and anti¬ 
neutrino experiments, which form two perpendicular ellipses, as expected. The neutrino 
LSND data gives rise to the horizontal ellipse, while the combined anti-neutrino data lead 
to the vertical ellipse and therefore reduce the allowed region by restricting the gi and g^ 
values to the intersection of the two. Of the existing experiments the ones giving the main 
contribution to the constraint are the LSND and the Irvine experiments, due to their higher 
statistics. A more restrictive analysis from the MUNU experiment might be possible by 
using its binned data, although this is out of the scope of the present work. 

We also show in Fig. (HD the case of a future low-energy neutrino experiment, in which 
case the ellipse is tilted. To illustrate the potential of future low energy experiments we 
consider, for dehniteness, the case of the NOSTOS proposal, where antineutrinos come from 


an intense Tritium source with a maximum energy of 18.6 KeV 


16l |. For this case the 
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FIG. 1: Allowed 90 % C. L. regions for and qr obtained by a global fit to neutrino and 
anti-neutrino electron scattering data. It is possible to see the existence of four allowed regions. 
The plot also shows the contribution from LSND neutrino electron scattering (horizontal ellipse) 
and combined data from reactor experiments (vertical ellipse). The tileted ellipse illustrates the 
potential of a future low-energy artificial neutrino source (Tritium proposal in Ref. [l^i. 


anti-neutrino spectrum for the source is taken as j3 


^ {Ey) — A- - - {Q + rrie — E‘l\J{Q me — E^) 

1 — e 


mt 


where A is a normalization factor, Q = 18.6 KeV, rUe is the electron mass, and 

Q + nie - E,y 


X = 27rQ;p 


{Q + nie- E^f - ml 


( 9 ) 


( 10 ) 


This spectrum is convoluted with the anti-neutrino differential cross section. The total 
number of events is set to be 3500 [l7| (for one year of data taking). 

We see that there is room for such future low-energy neutrino experiments to provide 
useful input to resolve the current degenerate determination of the weak coupling constants, 
improving the existing measurements. Unfortunately, as discussed above, the symmetry 
of the cross section when we make the transformations ^ —g^ and g^ —>■ —gn can 
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FIG. 2: Ax^ for sin^ Oy/ from or Vf.e scattering. The contribution of each experiment to the 
Ax^ is also shown. 

not be lifted by this method. Such a degeneracy is therefore irreducible. This is not an 
academic ambiguity as it means the validity of the gauge theory description dictated by the 
Standard Model. In order to test the future sensitivity we set the experimental measure to 
be exactly the SM prediction, and we consider only the statistical error. After considering 
this experimental set up for NOSTOS we obtain the region shown in hgure 1. 

Assuming the validity of the Standard Model, given by Eqs. © our results can also be 
presented directly in terms of the weak mixing angle. In this case, the combined analysis 
of the existing (anti)-neutrino-electron scattering experiments gives sin^ 9w = 0.27 ± 0.03. 
The corresponding minimum for the function was Xmin = 0.89. 

The various contributions to from different individual experiments are indicated in 
Fig. El Note that the present fit gives a central value higher than the world average Q, 
though the error is larger than found in other experiments, because of their small statistics 
relative to collider experiments. Nevertheless we hud this to be interesting as an independent 
and clean probe of the Standard Model. 







III. NON-STANDARD INTERACTIONS IN v^e AND v^e SCATTERING 


Solar neutrino data are robust with respect to possible modifications in solar physics 


invol ving various types of magnetic fields both in the convective zone |37| as well as radiative 



zone j38|, |39|. If present, non-standard effects are expected to be sub-leading insofar as 


providing an explanation of the existing data |^. However, even taking into account the 
crucial data from reactor experiments, the current accepted interpretation of solar neutrino 
data is not yet robust when neutrinos are endowed with non-standard interactions j^. In 
fact it has been shown that the presence of NSI brings in an ambiguous determination of 
the solar neutrino oscillation parameters, with a new “dark side” solution (with sin^ Qsoi — 


0.7 


0 ). 


essentially degenerate with the conventional one. Similarly, despite the good 


description provided by oscillations of contained and upgoing even 


;s which leads to limits 


4lj |. atmospheric neutrino 


on the strength of the NSI strength in a two-neutrino scenario 

data are still consistent with sizable values of the NSI parameters when three neutrinos are 


considered 


Here we focus on the case of terrestrial experiments involving electron-type 


neutrinos and anti-neutrinos. 


A. Cross section 

A model independent way of introducing such non standard interactions is via the effective 
four fermion Lagrangian j23| 

- Cii, = eipV2Gp[D^-,,L^MYPf) ( 11 ) 

where / is a first generation SM fermion: e, u or d, and P = L or R, are chiral projectors. 
With this Lagrangian (ED added to the Standard Model Lagrangian one can compute the 
differential cross section for the process I'f.e —> as 


da{Ey, T) 

df 


+ {g 


2GlMe 


El 

a^e 


TT 


,eR\2\ 


fL + T. 

aj^e 


,eL|2 


1 - 


T 


) + 


- {gidR 


E 

a^e 


^eL I I ^eR 


\)mt 


-] 

El 


( 12 ) 


with Ql = Ql + Cge and Qr = Qr + Cgf . This equation has six NSI parameters, two of 
them correspond to non-universal (NU) NSI; and four to flavor changing (FC) NSI; 
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and el^^. In view of the stringent (thongh indirect) constraints on the FC parameters 


^e/i 

< 7.7 X 10- 


1-4 loculi fQj. simplicity, neglect FC NSI involvion muon neutrinos. 

This way we are left with the two NU NSI parameters and two FC parameters, 

The agreement between z/gC scatteri ng exp eriments and the Standard Model predictions 


had been previously studied in Ref. 


240 in order to place restrictions on the magnitude 


of non-standard interactions. However, existing analyses either restricted the variation of the 


parameters, which were considered only one-at-a-time j25|, or the combination of two NSI 
parameters (the non-universal coupling and but using only two experiments j23|. 

Here we revisit this question generalizing the conditions under which these constraints 
have been derived and, as we have already mentioned, updating the study through the 


inclusion of more recent data, such as the data from the MUNU experiment 


M- 


Also 


for completeness, we will consider the results from the Rovno reactor [31|. Moreover, the 
results from the Irvine experiment will be analyzed considering the two energy bins that 
were reported in the original article. 

Although the constraints are expected to be weaker in our case, they will be robust than 
the ones obtained in the case where the parameters are taken only one-at-a time in the 
analysis. However, as will be clear at the end of this section, by taking full advantage of the 
combination of neutrino and anti-neutrino data we are able to obtain more stringent bounds 
on “right-handed” NSI parameters than previously. 


B. NSI Analysis 

First we present the results for the case of non-universal NSI ), with flavour 

changing parameters set to zero. In Fig. we show the allowed regions at 90, 95 and 
99 % C L (Ay^ = 4.61, 5.99, 9.21). The minimum was 0.52. One can see that its 
determination is improved with respect to the current results, although a twofold ambiguity 
in Cgg remains. This follows from the discussion given in section ttH where we stressed that 
the intersection from the neutrino and anti-neutrino ellipses (see Fig. does not allow for 
a unique discrimination of the coupling constant values. It is here that future low energy 
experiments have a chance of improving their determination. 

The same analysis can be performed for the case where we allow only flavor changing NSI 
parameters ), or for the general case when we take into account all four parameter 
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FIG. 3: Allowed regions at 90, 95 and 99 % C. L. for and obtained by a global fit to 
neutrino and anti-neutrino electron scattering. The flavor changing NSI parameter were taken 


equal to zero. 


simultaneously. The results of this analysis are summarized in table m The left column 


collects previously reported constraints |2^, determined under the assumption that only one 
NSI parameter was allowed to take on nonzero values. In the second column, for comparison, 
we present the result of our £t for the same case of a one-parameter analysis. The third 
column gives our result for a two parameters analysis, where only NU or FC parameters are 
non-zero, therefore the NU region corresponds to the one shown in Fig. El Finally, the fourth 
column shows a more general case when from the four parameters we take a projection over 
two of them (either NU or FC) allowing the other two to take on non-zero values. In this 
case for a 90 % C L we have again to consider = 4.61 but the regions are wider as can 
be seen from the table. The minimum for this analysis was 0.49. 

One can see that the constraints for the case when only one parameter is considered are 


similar to the results previously reported with the exception of and where ours 
are clearly better. This is natural to expect and follows from the fact that we are combining 
the LSND neutrino electron scattering data with the anti-neutrino electron scattering data. 
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Previous Limits 

One parameter 

Two Parameters 

All Parameters 

^eL 

^ee 

-0.07 < < 0.11 

-0.05 < elf < 0.12 

-0.13 < elf < 0.12 

-1.58 < elf < 0.12 

^eR 

^ee 

-1.0 < elf < 0.5 

-0.04 < elf < 0.14 

-0.07 < elf < 0.15 

-0.61 < elf < 0.15 

^eL 

Kt\< 0-4 

\elf\< 0.44 

\elf\< 0.43 

\elf\< 0.85 

^eR 

Kr \ < 0-7 

\elf \ < 0.27 

\elf \ < 0.31 

\elf\< 0.38 


TABLE II: Constrains on NSI parameters at 90 % C L. In the first column we show the previous 
constraints obtained in [^, while in the second we show the corresponding results found in the 
present analysis. The last two columns show the case in which two and four parameters are allowed 
to vary simultaneously (see the text for explanation). 

This allows us to obtain four different regions for the left and right couplings as can also 
be seen from Fig. (CD- It is important to note, however that when the four parameters are 
taken as freely-varying our constraints are weaker than the existing ones for the case of 
“left-handed” couplings and , as expected (in fact they could be as large as order 
unity). In contrast, for the case of the “right-handed” NSI couplings, our constraints better 
than the previous limits. The explanation of this puzzle is that, in this case, in contrast to 
previous work, we combine neutrino and anti-neutrino data. As we have already seen, this 
has a great impact in constraining the “right-handed” NSI paramneters. 


IV. SUMMARY AND PROSPECTS 


We have presented a global analysis of non-standard neutrino interactions in electron 
(anti)-neutrino scattering off electrons, including all current experiments, such as the most 
recent MUNU measurement from reactor neutrinos. We have discussed the resulting con¬ 
straints both in the context of the Standard Model as well as extensions where non-standard 
neutrino interactions are present. We obtained constraints on non-universal and flavor 
changing NSI and compared our bounds with those obtained in previous analyses. We 
hnd that substantial room for improvement is expected from or low-energy scatter¬ 
ing experiments. There are several proposals of this type, either using solar neutrinos, such 
as BOREXINO a o. expeHn.en. neuWno .ou.ce. .uch a= ji^ . that will 

be helpful in constrining NSI parameters as well as for other type of new physics (see for 
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example j42l. l43j| ). From the point of view of pinning down the interactions of the Pe and Pe 
low energy scattering experiments offer an alternative frontier that complements information 
that comes from higher energies , Q| . 

In summary, cross section measurements by themselves, at a given energy, lead to a degen¬ 
eracy in the coupling constants and, therefore, in the determination of the NSI parameters. 
This degeneracy can be partially removed by considering both neutrino and anti-neutrino 
scattering off electrons. Further improvements require low energy neutrino experiments. 
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